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Intestinal radiation injury is a dose-limiting factor in
radiation therapy for abdominal and pelvic cancers.
Because transforming growth factor-f1 is a key me-
diator involved in radiation-induced damage, we hy-
pothesized that its target gene, plasminogen activator
inhibitor type 1 (PAI-1), is an essential mediator of
intestinal radiation toxicity. In a model of radiation
enteropathy, survival was monitored and intestinal
radiation injury was assessed in both wild-type (Wt)
and PAI-1 knockout mice. Immunohistochemical la-
beling of PAI-1 was also assessed in patients treated
with preoperative radiotherapy for rectal adenocarci-
noma. Finally, the molecular mechanisms involved in
radiation-induced PAI-1 expression were investigated.
We found that PAI-1 —/— mice exhibited increased
survival and better intestinal function compared with
Wt mice. Intestinal radiation injury was attenuated in
irradiated PAI-1 —/— mice compared with irradiated
Wt mice, and irradiation increased blood cell-endo-
thelial cell interactions in Wt but not PAI-1 —/— mice.
In vivo, radiation-induced intestinal damage in mice,
as well as in patients treated with radiotherapy, was
associated with the up-regulation of PAI-1 in the en-
dothelium. In vitro, irradiation increased PAI-1 ex-
pression in endothelial cells by a p53/Smad3-depen-
dent mechanism. Together, these data demonstrate
that PAI-1 plays a critical role in radiation-induced
intestinal damage, suggesting that PAI-1 is an attrac-
tive target for preventing or reducing the side effects
of radiation therapy. (Am J Patbol 2008, 172:691-701;
DOI: 10.2353/ajpath.2008.070930)

More than half of cancers are treated with radiation therapy
alone or in combination with surgery or chemotherapy or
both. Radiation-induced normal tissue injury is a dose-lim-
iting factor in the treatment of cancer with radiotherapy.
Early and late side effects not only limit radiation dose
escalation but might also affect the patient’s quality of life.
Acute radiation-induced bowel damage affects most pa-
tients treated by radiotherapy for pelvic cancer." Intestinal
radiation toxicity is characterized by mucosal injury, inflam-
mation, and vascular activation, followed by development of
progressive vascular fibrosis/sclerosis and radiation enter-
itis. Early phases of radiation-induced fibrogenesis are
characterized by an orchestrated wound-healing response
initiated by events that include activation of coagulation
system, inflammation, mucosal repair, granulation tissue
formation, and extracellular matrix remodeling.? This com-
plex and integrated response involves a large number of
molecular pathways activated by pro- and anti-inflamma-
tory cytokines, chemokines, and growth factors. Among
these factors, transforming growth factor (TGF)-B81 is con-
sidered a key fibrogenic cytokine involved in radiation-in-
duced intestinal damage.®* TGF-B1 up-regulates expres-
sion of several molecules that could contribute to acute and
late radiation damage. Among them, we hypothesized that
plasminogen activator inhibitor type-1 (PAI-1) is a critical
mediator that triggers pathways leading to acute and late
normal tissue lesions after irradiation. PAI-1 belongs to the
family of serine protease inhibitors and is the main
inhibitor of fibrinolysis. Both plasminogen activators
convert plasminogen to plasmin, which degrades in-
soluble fibrin. PAI-1 inhibits plasminogen activators
and thus reduces plasmin generation.® PAI-1 not only
reduces fibrinolysis but also plays a role in extracellu-
lar matrix remodeling by reducing plasmin-dependent
activation of matrix metalloproteinases.

In pathological conditions, PAI-1 is produced by a variety
of cell types such as hepatocytes, adipocytes, smooth mus-
cle cells, platelets, and especially endothelial cells (ECs).
The endothelium is known to play a critical role in radiation-
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induced bowel injury.® Irradiated ECs acquire a proinflam-
matory, procoagulant, and prothrombotic phenotype. Up-
regulation of EC adhesion molecules after irradiation leads
to increased leukocyte-EC interactions and leukocyte trans-
migration.”® Moreover, irradiation increases the interactions
of platelets® with the endothelium and decreases expres-
sion of the anticoagulant thrombomodulin.’® This loss of
vascular thromboresistance of the endothelium following
radiation is a result of increased fibrinogenesis and de-
creased fibrinolysis.® In this context, the role of PAI-1 in
radiation-induced damage could be crucial.

In this study, we analyzed the effects of PAI-1 genetic
deficiency on the intestinal response to radiation expo-
sure. Immunolabeling of PAI-1 was performed in tissues
from patients treated with radiotherapy for rectal adeno-
carcinoma, and molecular mechanisms involved in PAI-1
expression after irradiation in ECs were investigated.

Materials and Methods

Animals and Irradiation Procedure

Experiments were conducted in compliance with legal regu-
lations in France for animal experimentation, and protocols
were approved by the ethics committee for animal experimen-
tation of the Institute for Radiological Protection and Nuclear
Safety. Intestinal radiation injury was performed after exposure
of an intestinal segment to 19 Gy of radiation.* Briefly,
wild-type C57BL/6J (PAI-1 +/+) and PAI-1 —/— mice
(Charles River Laboratories, I'Arbresle, France) were anes-
thetized, and a 3-cm-long intestinal segment (10 cm from
the ileocecal valve) was exteriorized and exposed to a
single dose of 19 Gy of gamma irradiation (°°Co source,
4000 Ci, dose rate 1.4 Gy/minute). Sham irradiation was per-
formed by maintaining the intestinal segment exteriorized with-
out radiation exposure. After radiation exposure or sham irra-
diation, the exposed segment was returned to the abdominal
cavity and peritoneum/abdominal muscles and skin were sep-
arately closed with interrupted sutures.

Histology and Immunohistochemistry

The totality of the intestinal segment was assessed for
histology. Longitudinal sections of the intestine were fixed
in 4% formaldehyde solution and embedded in paraffin.
Slides were stained with hematoxylin-eosin-saffron and
Sirius red. Radiation injury was determined using a de-
scribed and validated radiation injury scoring system4
administered independently by two authors in a blinded
manner, and discrepancies were resolved by discussion.
CD45 immunostaining was performed using rat anti-
mouse common leukocyte antigen (BD Bioscience, Er-
embodegem, Belgium). von Willebrand factor (rabbit
anti-human von Willebrand factor; Dakocytomation,
Trappes, France) and PAI-1 (rabbit anti-mouse PAI-1;
Abcam, Trappes, France) immunostaining was per-
formed on frozen sections. Slides were then incubated
with goat anti-rabbit IgG tagged with Alexa Fluor 488
(Molecular Probes, Cergy-Pontoise, France) and counter-
stained with 4,6-diamidino-2-phenylindole.

Ussing Chamber Experiments

Tissue samples were mounted in Ussing chambers and
were bathed with a modified Krebs buffer under a 95%
0,/5% CO, atmosphere. Tissue responses to electrical field
stimulation and carbachol were measured by clamping the
potential difference to 0 mV, under short circuit current (/o)
conditions with a voltage-clamp apparatus (World Precision
Instruments, Aston, UK). Electrical field stimulation (35 Hz)
was applied with a dual impedance stimulator. Carbachol
(final concentration 5.10~° mol/L) was added on the serosal
side. Each tissue was submitted to 35 Hz electrical field
stimulation and subsequent carbachol stimulation.

Intravital Microscopy

Intravital microscopy was used to quantify rolling and
adhesion of leukocytes and platelets in the mesenteric
venules from wild-type (Wt) and PAI-7 —/— mice after an
abdominal single exposure of 15 Gy. Twenty-four hours
after irradiation, mice were anesthetized by intraperito-
neal injection of 2.5% tribromoethanol, and leukocytes
and platelets were stained by intravenous administration
of 10.4% rhodamine 6G. The mesentery was exteriorized
and placed in a 5% gelatin-coated Plexiglas chamber for
observation of the mesenteric microcirculation. Venules of
100 to 250 wm diameter were selected for direct observa-
tion of leukocyte- and platelet-endothelium interactions as
previously described.® Venules were filmed for 5 to 10 min-
utes and video recording was resumed for another venule
(up to four vessels were analyzed for each mouse). Blood
cell-endothelial interactions (rolling and adhesion) were
quantified using the software Histolab 4.3.6 (Microvision
Instruments, Evry, France). A platelet was considered to be
adherent when it was stationary on the endothelium for
more than 2 minutes (definitive stops). Leukocyte- and
platelet-endothelium interactions were analyzed within a
50 X 50 wm? square and quantifications were normalized
thereafter per 0.01 mm?/minute.

Cell Culture and Irradiation

Human umbilical endothelial cells (HUVECs) were ob-
tained from Cambrex and cultured in EGM-2 MV culture
medium (Cambrex, Verviers, Belgium). Cells were used
between passages 4 and 6 and were irradiated with a
137Cs source (dose rate 1 Gy/minute).

RNA [solation and Real-Time PCR

RNA isolation and real-time PCR were performed as previ-
ously described." The following primers were used: human
PAI-1,"" and mouse PAI-1 (gene expression assay Mm
0435860_m1; Applied Biosystems, Courtaboeuf, France).
Significant PCR fluorescent signals were normalized to a
PCR fluorescent signal obtained from the housekeeping
gene GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) or ribosomal RNA 18S for each sample.



Plasmids

Expression vectors for 6xMyc-Smad2, 6xMyc-Smad3,
6xMyc-Smad4, Flag-Smad2, Flag-mad3, Flag-Smad7,
(CAGA)9-Luc, WtPAI-1 Luc, and Ab123-PAI-1 Luc were
previously described.'? '3

Reporter Gene Assay

HUVECs were transiently cotransfected with expression
vector reporter and pRL-TK plasmids using FUGENE
(Roche Diagnostics, Meylan, France) as transfection re-
agent. Forty-eight hours after transfection, cell media
were changed, and cells were irradiated at 2 or 10 Gy.
Relative luciferase activity (ratio firefly/Renilla) was mea-
sured 24 hours after irradiation. Cell extracts were pre-
pared for the dual-luciferase reporter assay system ac-
cording to the manufacturer’s instructions (Promega,
Charbonniéres, France). Relative luciferase activity was
measured using a Mithras luminometer (Berthold Tech-
nologies, Bad Wildbad, Germany).

Protein Extraction and Immunoblotting

Protein extraction and Western blot were performed as
previously described."" Nuclear protein extracts were pre-
pared using the method of Schreiber. The following pro-
tein-specific primary antibodies were used: anti-PAI-1
(Novocastra Laboratories Ltd, New Castle, UK), anti-
Smad2, anti-Smad3 (Zymed Laboratories, Cergy Pontoise,
France), anti-Smad4, anti-p53, anti-Myc (Santa Cruz Bio-
technology, Heidelberg, Germany), anti-Phospho Smad3,
anti-Phospho Smadz2 (Cell Signaling Technology, St. Quen-
tin Falavier, France), anti-FlagM2 (Sigma, St. Quentin,
France), and anti-GAPDH (Biodesign, Portland, OR).

Immunoprecipitation

Cells were lysed at 4°C in lysis buffer (10 mmol/L Tris, pH
8.8, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% sodium de-
oxycholate, 1 mmol/L sodium vanadate, 0.1% SDS, 1%
Igepal (Sigma), and protease inhibitor cocktail). Cell ly-
sates were subjected to immunoprecipitation with appro-
priate antibodies overnight followed by adsorption to
Sepharose protein G for 1 hour. Immunoprecipitates were
washed several times in lysis buffer and then heated for
5 minutes in Laemmli buffer. Samples were separated by
SDS-polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane. The membranes were blot-
ted with primary antibodies followed by incubation with
secondary antibody horseradish peroxidase-conjugated
(Amersham, Orsay, France). Blots were developed using
the enhanced chemiluminescence method (Amersham).

RNA Interference

The sequence of small-interfering RNAs (siRNAs) de-
signed to specifically target Smad3 is 5'-ACCUAUC-
CCCGAAUCCGAUdTAT-3’'"" and the siRNAs were
purchased from Eurogentec (Angers, France). siRNAs
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targeting human p53 were obtained from Santa Cruz
Biotechnology. A nontargeted negative control duplex
was used as control (Eurogentec).

Patients, Radiation Injury Score, and
Immunohistology

Formalin-fixed, paraffin-embedded tissue samples were
obtained following institutional ethics (Gustave Roussy
Institute) and French Medical Research Council guidelines.
Twenty-five patients treated for rectal adenocarcinoma with
preoperative radiotherapy (45 Gy; 2 or 1.8 Gy by fraction)
were included in this study. Tumors were surgically re-
sected 5 to 7 weeks post-treatment. For each patient, spec-
imens of normal tissue were taken in the irradiated field
adjacent to the tumor and from microscopically normal mu-
cosa distant from the tumor. Slides were stained with he-
matoxylin-eosin-saffron and radiation injury score was de-
termined independently by two authors as previously
described in detail.” For immunohistochemistry, sections
were used to immunolocalize PAI-1 (Novocastra Laborato-
ries Ltd) and phospho-(ser433/435) Smad2/3 (Santa Cruz
Biotechnology). Biotinylated rabbit anti-mouse IgG and a
streptavidin/biotinylated peroxidase kit (Dakocytomation)
were used before staining with the NovaRED substrate kit
(Vector) and counterstaining with hematoxylin.

Statistical Analyses

Data are given as means *= SEM. Statistical analyses
were performed by analysis of variance or Student’s t-test
with a level of significance of P < 0.05. For intravital
microscopy analyses, statistical significance was as-
sessed by the Mann-Whitney rank sum test. Mouse sur-
vival curves were calculated by the Kaplan-Meier method
and compared using the log rank test.

Results

PAI-1 —/— Mice are Protected Against
Radlation-Induced Intestinal Damage

The survival of PAI-1 —/— mice is increased compared
with Wt mice following radiation exposure (Figure 1A).
Two weeks after irradiation, 75% of PAI-1 —/— mice were
alive compared with 41% of Wt mice, and this difference
remained the same after six weeks. Irradiation caused
significant radiation injury in Wt and PA/-7 —/— mice
(Figure 1B). However, acute and late radiation injuries
are more severe in Wt mice than in PAI-1 —/— mice
(+35% at two weeks and +45% at six weeks, P <
0.05). At two weeks, PAI-1 —/— tissues were charac-
terized by a better epithelial cover associated with
numerous hyperproliferating crypts and visibly re-
duced density of inflammatory cells compared with Wt
mice (Figure 1C). The reduced inflammation in muco-
sal and mesenteric compartments observed in irradiated
PAI-1 —/— mice compared with irradiated Wt mice was
confirmed by CD45 labeling (Figure 1D). At six weeks, a
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Figure 1. PAI-1 —/— mice are protected against intestinal irradiation damage. A jejunal segment from PAI-1 +/+ and PAI-1 —/— mice was exposed to a
single dose of 19Gy. A: Kaplan-Meier analyses represent the percent survival of PAI-1 +/+ and PAI-1 —/— mice. P < 0.005 versus the three other groups.
B: The totality of the intestinal segment was assessed for histology and radiation injury was determined using a radiation injury scoring system. Radiation
injury score was measured two and six weeks after irradiation, 7 = 12 mice per group, *P < 0.05 versus PAI-1 +/+ sham mice, #P < 0.05 versus PAI-1 +/+ irradiated
mice. C: Representative microscopic alterations obtained in PAI-1 +/+ and PAI-1 —/— mice are shown. Slides were stained with hematoxylin-eosin-saffron
coloration. D: Representative CD45 immunolabeling is shown. E: Representative macroscopic features seen six weeks after irradiation are shown. F: Represen-
tative microscopic alterations (Sirius red coloration) seen six weeks after irradiation are shown. Scale bars = 100 um.

reduction in fibrosis was observed in PAI-1 —/— mice
(Figure 1E). We also observed marked remodeling of
extracellular matrix in Wt mice associated with a pro-
nounced intestinal wall fibrosis mainly in muscularis pro-
pria infiltrated with collagen and subserosal fibrosis (Fig-
ure 1F).

To confirm whether the attenuation of radiation injury
in PAI-1 —/— mice is related to better intestinal func-
tion, we measured intestinal ion transport capacity
three days after irradiation, ie, before the separation of
the survival curves. No differences in basal parameters
were observed between sham Wt mice and PAI-1 —/—
mice. Intestinal ion transport capacity was reduced in
both types of mice after irradiation, but intestinal dys-
function was more pronounced in Wt mice (Figure 2).
Intestinal ion transport capacity decreased by 83% in
Wt mice and 62% in PAI-1 —/— mice following electric
stimulation and by 92% in Wt mice and 72% in PAI-1 —/—
mice following carbachol stimulation. Two groups without
intestinal exteriorization were assessed (Wt and PAI-1 —/—
n = 10 per group), and no differences were observed
between these groups or compared with the sham
groups (data not shown).

PAI-1 Expression Is Increased In Vivo After
Irradiiation

We next examined whether intestinal radiation toxicity is
associated with modification of PAI-7 expression in Wt
mice. PAI-1 mRNA intestinal level was increased fourfold (P <
0.05) in Wt irradiated mice compared with Wt sham mice
(Figure 3A). von Willebrand factor and PAI-1 immunola-
beling showed PAI-1 overexpression in endothelial cells
from mesenteric vessels (Figure 3B: A, ¢, E, F, H, and 1) and
the mucosal microcirculation (Figure 3B: B, b, G, and J).

Irradiation Increases Blood Cell/Endothelial Cell
Interactions in Wt Mice but Not in PAI-1 —/—
Mice

Increased leukocyte-platelet interaction with the endothe-
lium was shown after irradiation.®® We hypothesized that
PAI-1 could participate in this physiological response
following radiation. We investigated blood cell-endothe-
lium interactions in Wt and PA/-1 —/— mice to confirm this
hypothesis. To avoid the putative effect of surgery in the
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Figure 2. Acute intestinal function is better in PAI-1 —/— than in PAI-1 +/+
mice after irradiation. Ussing chamber experiments were used to evaluate
intestinal ion transport capacity in PAI-1 +/+ and PAI-1 —/— mice exposed
to a localized dose of 19 Gy. Percent inhibition of L. in response to (A)
electrical field stimulation (35 Hz) or (B) exogenous carbachol stimulation in
irradiated tissues from PAI-1 +/+ and PAI-1 —/— mice three days after
irradiation. Results are means = SEM with 7 = 13 to 17 mice per group, *P <
0.05 versus sham mice; #P < 0.05 versus PAI-1 +/+ irradiated mice.

model of exteriorized intestinal segment, leukocyte/plate-
let-endothelium interactions were studied using intravital
microscopy 24 hours after abdominal irradiation of 15 Gy.
Leukocyte and platelet rolling velocities, as well as num-
ber of rolling platelets and number of temporary and
permanent arrest of platelets, were determined. Because
no statistical differences were observed for any parame-
ters measured between nonirradiated Wt and PAI—/—,
we chose to present the results as a percentage of each
parameter for each strain except for definitive arrest of
platelets. Blood counts (leukocytes and platelets) were
determined in nonirradiated and irradiated Wt and PA-1 —/—
mice and no differences were observed (data not
shown). Moreover, venular wall shear rate was deter-
mined under baseline conditions or after irradiation in
both type of mice and no differences were observed
(data not shown). Irradiation decreased the rolling velocity
of leukocytes and platelets in Wt mice, but not in PA-7 —/—
mice (Figure 4, A-C). A strong increase in the number of
rolling platelets and the number of temporary and defin-
itive arrests of platelets was observed in irradiated Wt
mice compared with nonirradiated Wt mice (Figure 4C).
Interestingly, irradiation has no effect on rolling velocity of
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platelets or on other parameters of platelet adhesion in
PAI-1 —/— mice.

Radlation-Induced Rectal Damage in Humans Is
Associated with Overexpression of PAl-1 in the
Endothelium

To demonstrate the physiological significance of our re-
sults, we undertook a retrospective study in patients.
Radiation injury scoring and immunohistochemical stain-
ing of PAI-1 were performed for tissue samples from
patients treated by radiotherapy for rectal adenocarci-
noma. Radiation-induced normal tissue damage was
characterized by strong expression of PAI-1 in the endo-
thelium (Figure 5, A-B), suggesting that the endothelial
PAI-1 pool plays an important role in rectal damage after
radiotherapy.

In Vitro, Irradiation Increases PAI-1 Expression
in ECs by a Smad3-Dependent Pathway

The TGF-B/Smad pathway plays a key role in the control
of PAI-1 expression in various cell types under different
conditions. Activated Smad2/3 was immunolabeled in
tissues from patients treated with radiotherapy (Figure
6A). We observed an increased expression of phospho-
Smad?2/3 in the endothelium in pathological tissues com-
pared with control tissues suggesting that, in vivo, the
Smad pathway may be involved in PAI-1 overexpression
in ECs. PAI-1 mRNA and protein levels were increased in
HUVECs (Figure 6, B-C). Smad-dependent transcription
was performed using TGF-p/Smad-responsive reporter
CAGA-luc, and the results showed that irradiation acti-
vates Smad-dependent transcription in ECs (Figure 6D).
Nuclear translocation of Smad2, 3, and 4 was followed by
immunoblotting using Myc-tagged versions of Smads.
Nuclear translocation of Smad2, Smad3, and Smad4 as
well as phosphorylated Smad2 and Smad3 was stimu-
lated two hours after irradiation (Figure 6E). However, 24
hours after irradiation, we observed increased nuclear
expression of Smad3 and Smad4, but not Smad2. To

Sham PAI-1 +/+

19Gy PAI-1 +/+

Figure 3. PAI-1 expression is increased in vivo after irradiation. A: PAI-1 mRNA expression was measured three days after irradiation (7 = 10 mice per group,
*P < 0.05). B: Frozen sections of PAI-1 +/+ intestine (three days after irradiation) were stained with antibodies against von Willebrand factor or PAI-1 (green)
and counterstained with 4,6-diamidino-2-phenylindole (blue). Shown are endothelial cells from mesenteric vessels (a, ¢, E, F, H, and D and the mucosal circulation
(B, D, G, and J). Representative images are shown and arrows indicate vessels. Scale bars = 100 wm.
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Figure 4. Irradiation increases blood cell-endothelium interactions in PAI-1 +/+ but not in PAI-1 —/— mice. Intravital microscopy was used to quantify rolling
and adhesion of leukocytes and platelets in the mesenteric venules from PAI-1 +/+ and PAI-1 —/— mice (7 = 6 mice per group) after an abdominal single
exposure of 15 Gy. The mesentery was exteriorized and blood cell-endothelial cell interactions (rolling and adhesion) were quantified 24 hours after irradiation.
A: Rolling velocity of leukocytes in PAI-1 +/+ and PAI-1 —/— mice 24 hours after irradiation (72 = 6 mice per group). B: Representative images from three
irradiated PAI-1 +/+ (top) and three PAI-1 —/— mice (bottom) are shown. The black arrows indicate leukocytes and the white arrows indicate platelets. C:
Parameters of platelet adhesion. Results are means = SEM. Statistical significance was assessed using the Mann-Whitney rank sum test. *P < 0.05, **P < 0.001.

provide evidence that the Smad pathway is involved in Flag-tagged Smad2, Smad3, or Smad7 and WtPAI-1-luc.

radiation-induced PAI-7 transcription, HUVECs were In EC-overexpressing Smad7, the radiation-induced PAI-1
transfected with Wt human PAI-1-luc reporter or human transcription was inhibited, demonstrating that this inhib-
PAI-1-luc reporter with mutation of the three CAGA boxes itory Smad abolishes the mechanism (Figure 7B). More-
(Ab123-PAl-1 Luc)."? Irradiation stimulated luciferase ac- over, overexpression of Smad3, but not Smad?2, strongly
tivity in ECs transfected with WtPAI-1-luc, but not with stimulated the radiation-induced WtPAI-1-luc luciferase
Ab123-PAl-1 Luc, demonstrating that at least one CAGA activity, showing that Smad3 influences radiation-in-
box is involved in radiation-induced PAI-1 transcription duced PAI-1 transcription (Figure 7B). PAI-1 immunoblot-
(Figure 7A). To investigate the role of Smad in radiation- ting was performed in ECs transfected with Myc-Smad?2
induced PAI-1 transcription, ECs were cotransfected with or Myc-Smad3. PAI-1 expression was increased in ECs
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Figure 5. Radiation-induced normal tissue damage in humans is associated with overexpression of PAI-1 in the endothelium. A: Radiation injury score was
determined in 25 patients treated by radiotherapy for rectal adenocarcinoma. For each patient, tissue specimens were taken in the irradiated field adjacent to the
tumor (pathological) and from microscopically normal mucosa distant from the tumor (control). Immunohistochemical staining of PAI-7 was performed and slides
were separated according to the positivity of PA1-1 expression in the endothelium. B: Representative microscopic images from control and pathological
submucosal vessels are shown.
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Figure 6. Irradiation activates the Smad pathway in EC. A: Immunohistochemical staining of phospho-Smad2/3 was performed in tissues from 10 patients treated
by radiotherapy for rectal adenocarcinoma. Representative microscopic images from control and irradiated submucosal vessels are shown. B: PAI-1 mRNA
expression was investigated by real-time PCR in HUVECs 24 hours and 48 hours after 2 or 10 Gy irradiation. Irradiation induces PAI-1 mRNA expression. Data
are the mean * SEM of four independent experiments performed in duplicate or triplicate. C: PAI-1 protein expression was measured by Western blot in HUVECs.
Irradiation induces PAI-1 protein expression. Representative Western blot of three independent experiments is shown. D: HUVECs were transfected with
(CAGA)9-Luc reporter plasmid 48 hours before irradiation. Relative luciferase activity was measured 24 hours after irradiation. Irradiation induces Smad-dependent
transcription. Data are the mean = SEM of three independent experiments (72 = 6 by experiment). *P < 0.05 versus control. E: HUVECs were transfected with
the indicated expression vector 48 hours before irradiation and nuclear expression of Smad2, Smad3, Smad4, phospho-Smad2, and phospho-Smad3 was measured
by Western blot 2 hours and 24 hours after irradiation. HUVECs treated with 10 ng/ml TGF-B1 are shown.

overexpressing Smad3 (Figure 7C), and when we co-
expressed Flag-Smad2 and Myc-Smad4 or Flag-Smad3
and Myc-Smad4, only the combination of Smad3/Smad4
led to an increase in radiation-induced PAI-1 expression
(Figure 7D). We next examined whether irradiation in-
duces Smad3 to bind Smad4. Co-immunoprecipitation
experiments showed that irradiation stimulates the forma-
tion of Smad3/Smad4 complexes (Figure 7E).

Smad3 and p53 Are Necessary for
Radlation-Induced PAI-1 Expression

p53 plays a key role in the cell response to ionizing
radiation, and a p53 binding element is present in the
human PAI-1 promoter. We hypothesized that p53 is in-
volved in PAI-1 expression in ECs after irradiation. Irradi-
ation of ECs stimulated expression and nuclear translo-
cation of p53 (Figure 8, A-B). To investigate the
transcriptional cooperation between p53 and Smads,
HUVECs were transfected with Myc-Smad3 or Myc-
Smad4 and co-immunoprecipitation experiments were
performed. Smad3, but not Smad4, co-immunoprecipi-
tated with p53 after irradiation, suggesting that Smad3/
p53 transcriptional cooperation could activate PAI-1 tran-
scription (Figure 8C). To prove that Smad3 and p53 were
involved, we decided to knockdown their expression us-
ing siRNA (Figure 8D). The radiation-induced WtPAI-1-

luc luciferase activity was abolished in the presence of
siRNA Smad3 or siRNA p53 (Figure 8E), and this effect
was confirmed by Western blot (Figure 8F).

Discussion

In this report, we demonstrate for the first time the major
role of PAI-1 in radiation-induced intestinal damage.
These data supply the proof of concept that PAI-1 may
represent a molecular target to limit intestinal injury fol-
lowing radiotherapy.

lonizing radiation increases PAI-1 expression in NRK52E
cells'™ and HEPG? cells.'® Moreover, PAI-1 overexpres-
sion has been described in radiation-induced nephro-
sclerosis' and in human radiation enteritis, '® suggesting
a role of PAI-1 in radiation-induced normal tissue dam-
age. We have clearly demonstrated that PAI-1 plays a
crucial role in radiation-induced intestinal lesions follow-
ing a high single dose of radiation. More than 50% of
wild-type mice died in the ten days following radiation, as
previously described.* PAI-1 knockout mice are pro-
tected against radiation-induced intestinal damage, with
a much higher proportion of surviving mice and a less
severe radiation injury score than in irradiated Wt mice.
These results show that genetic deficiency of PAI-1 pro-
tects against radiation-induced intestinal damage and
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Figure 7. Irradiation increases PAI-1 expression in ECs by a Smad3-dependent pathway. A: HUVECs were transfected 48 hours before irradiation with WtPAI-1-Luc
reporter or CAGA box-mutated PAI-1 Luc reporter (Ab123-PAI-1 Luc) and luciferase activity was measured 24 hours after irradiation. Irradiation stimulates
luciferase activity in ECs transfected with WtPAI-1-luc, but not with Ab123-PAI-1 Luc. HUVECs treated with 10 ng/ml TGF-B1 for 24 hours are shown. Data are
the mean * SEM of three independent experiments (7 = 6 by experiment). *P < 0.05 versus control. B: HUVECs were transiently cotransfected with the indicated
expression vector and WtPAI-1-Luc reporter plasmids. Relative luciferase activity was measured 24 hours after irradiation. In ECs overexpressing Smad?7, the
radiation-induced PAI-1 transcription was inhibited and overexpression of Smad3, but not Smad2, stimulated the radiation-induced WtPAI-1-luc luciferase activity.
C: HUVECs were transfected with the indicated expression vector and PAI-1 protein expression was measured by Western blot 24 hours after irradiation. PAI-1
expression was increased in ECs overexpressing Smad3. D: HUVECs were cotransfected with Myc-Smad4 and Flag-Smad2 or Flag-Smad3, and PAI-1 protein
expression was measured by Western blot 24 hours after irradiation. Overexpression of Smad3/Smad4 led to an increase in radiation-induced PAI-1 expression.
E: HUVECs were cotransfected with the indicated expression vector. Twenty-four hours after irradiation, cell lysates were immunoprecipitated (IP) with anti-Flag

antibody and immunoblotted (IB) with anti-Myc. Results show that irradiation stimulates the formation of Smad3/smad4 complexes.

suggest an early deleterious effect of PAI-1 in Wt mice.
PAI-1 expression is rapidly induced in irradiated intestinal
segments from Wt mice, and we showed that intestinal
function three days after irradiation is more severely af-
fected in Wt mice than in PA/-1 —/— mice. Moreover,
PAI-1 up-regulation is observed in the endothelium. Ra-
diation causes loss of vascular thromboresistance partly
due to decreased fibrinolysis.'® PAI-1 limits fibrinolysis,
and we hypothesized that PAI-1 contributes to the acute
response of the endothelium to ionizing radiation. Leuko-
cyte-endothelial cell adhesion is an early event in the
leukocyte infiltration involved in the progression of
chronic inflammatory diseases of the gastrointestinal
tract.?° We show that radiation decreases the rolling ve-
locity of leukocytes and platelets only in Wt mice, as
previously described in mice and rats.”® Moreover, radi-
ation enhanced platelet adhesion in Wt mice but not in
PAI-1 —/— mice. These results show that genetic defi-
ciency of PAI-1 limits the interactions between blood cells
and the endothelium following radiation and strongly sug-
gest that PAI-1 plays a crucial role in the vascular re-
sponse to ionizing radiation. PA/-7 knockout mice are
less likely to develop venous thrombi,?" whereas mice
overexpressing a human transgene develop spontane-
ous thromboses.?? Our results suggest that radiation-
induced hypofibrinolysis is abolished in PAI-1 —/—
mice and consequently protects these mice against

the deleterious effects of the loss of thromboresistance
of the endothelium.

We observed a reduction of fibrosis in PAI-1 —/— mice
six weeks after irradiation, suggesting that early effects
could contribute to the delayed effects of radiation injury.
A large number of strategies in experimental models
show that the reduction of late effects is associated with
an improvement in acute effects.?>2° Our results sug-
gest that pharmacological strategies aimed to inhibit
PAI-1 activity could prevent acute and late effects of
radiation-induced normal tissue damage. PAI-1 is up-
regulated in fibrotic diseases including hepatic, pulmo-
nary, or renal fibrosis, and PAI-1 knockout mice are pro-
tected against fibrosis in various models.?°-2% Here we
demonstrate that radiation-induced intestinal fibrosis is
less severe in PAI-1 —/— mice, suggesting that PAI-1
inhibition could be a good anti-fibrotic strategy in differ-
ent models of radiation-induced fibrosis. By competing
with endogenous PAI-1, a mutant noninhibitory PAI-1 was
reported to reduce glomerulosclerosis®® and a pharma-
cological PAI-1 inhibitor protects mice against long-term
thrombosis induced by nitric oxide synthase inhibition.*°
Our study does not exclude the potential role of other
proteases in radiation-induced damages, but the effi-
ciency of pharmacological inhibition of PAI-1 in radiation-
induced normal tissue damage is an attractive prospect
to emerge from our study.
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Figure 8. Radiation-induced PAI-1 expression involves Smad3 and p53. A: p53 expression in HUVECs was measured by Western blot 24 hours after irradiation.
B: Nuclear expression of p53 in HUVECs was measured by Western blot 2 hours and 24 hours after irradiation. Irradiation induces nuclear translocation of p53.
HUVEC:s treated with 10 ng/ml TGF-B1 are shown. C: HUVECs were transfected with Myc-Smad3 or Myc-Smad4. Two hours and 24 hours after irradiation, the
association of p53 with Smad3 or Smad4 was analyzed by blotting the anti-Myc immunoprecipitate with anti-p53. Smad3, but not Smad4, co-immunoprecipitated
with p53 after irradiation. D: HUVECs were transfected with siRNA Smad3 or siRNA p53 and the silencing efficiency was determined by Western blot. E: HUVECs
were transfected 48 hours before irradiation with WtPAI-1-Luc reporter in the presence or absence of siRNA Smad3 or siRNA p53 and luciferase activity was
measured 24 hours after irradiation. The radiation-induced WtPAI-1-luc luciferase activity was abolished by siRNA Smad3- or siRNA p53-tranfected cells. F:

HUVECs were transfected with siRNA Smad3 or siRNA p53 48 hours before irradiation. PAI-1 expression was measured 24 hours after irradiation.

Intestinal radiation injury is associated with in-
creased TGF-B1 expression.® We show that PAI-1 is
overexpressed in the endothelium of pathological tis-
sue from patients treated with radiotherapy. Interest-
ingly, radiation-induced damage in patients was asso-
ciated with an increase in phosphorylated Smad 2/3 in
the endothelium, suggesting that the Smad pathway
may be involved in the overexpression of PAI-1in ECs
in vivo. In vitro, TGF-B1 secretion is increased in ECs
after irradiation,’! and an up-regulation of TGF-g in the
endothelium was observed in radiation-induced intes-
tinal damage in rats® and in patients treated with ra-
diotherapy.'" Altogether, these results suggest that
radiation-induced TGF-B in the endothelium can acti-
vate the Smad pathway via an autocrine loop. PAI-1
expression is increased in ECs following radiation, and
we demonstrate that radiation-induced PAI-1 transcrip-
tion in ECs is Smad3-dependent. These results confirm
and support the concept that Smad3-targeted genes
are critical mediators of radiation-induced damage in
normal tissues. A Smad3 pathway is involved in the
fibrogenic phenotype of vascular smooth muscle cells
induced by irradiated ECs'" and Smad3 null mice are
less susceptible to radiation-induced injury.®’ How-
ever, it is not clear whether the putative Smad3 genetic
deficiency is associated with alteration of PAI-1 ex-
pression following radiation, and experiments to an-
swer this question need to be performed.

Moreover, our results demonstrate that p53 is neces-
sary for radiation-induced PAI-1 expression in ECs. The
tumor suppressor p53 is one of the most frequently mu-

tated genes found in human cancer and plays a key role
in the cell response to ionizing radiation. Our study re-
veals that p53 could contribute to radiation-induced nor-
mal tissue toxicity by inducing PAI-7 expression in endo-
thelial cells in cooperation with Smad3. PAI-1 was
described as a direct target of p53°2 in tumor cells and
the mutation of the p53 binding element in the PAI-1
promoter abolished the radiation-induced PAI-1 tran-
scription in HEPG2 cells."® Radiation and TGF-8 cooper-
ate in the radiation-induced PAI-1 transcription, suggest-
ing that a p53/Smad pathway is involved in this mechanism.
Moreover, a specific cooperation and physical interaction
of Smads with p53 play a key role in embryogenesis.33
p53 is a DNA-binding Smad transcriptional partner that
physically binds to R-Smads to control the activation of
promoters that contain both p53 and Smad binding ele-
ments.®® Our results show that irradiation induces the
physical interaction between p53 and Smad3 in ECs, and
knockdown experiments demonstrate that both Smad3
and p53 are necessary for the radiation-induced PAI-1
expression. To our knowledge, this is the first report that
demonstrates that a p53/Smad3 pathway is involved in
the response of normal cells to ionizing radiation. A
model of the molecular mechanism involved in radiation-
induced PAI-1 overexpression in ECs is shown in Figure
9. Our results also suggest that p53 could contribute to
radiation-induced intestinal damage by inducing the ex-
pression of PAI-1 in endothelial cells and subsequently
contributing to the loss of thromboresistance of endothe-
lium. Further investigations are needed to understand the
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Figure 9. Proposed model of radiation-induced PAI-1 expression in endo-
thelial cells. The Smad pathway in cooperation with p53 is involved in the
radiation-induced overexpression of PAI-1.

precise role of the p53/PAl-1 connection in radiation-
induced normal tissue damage.

In conclusion, our study shows that PAI-1 plays a
critical role in radiation-induced intestinal damage.
These data contribute to understanding of the normal
tissue response after irradiation and especially the role
of the Smad3/p53 pathway in radiation-induced PAI-1
expression in the endothelium. Our results indicate that
PAI-1 may represent a therapeutic target to prevent
and/or reduce side effects of pelvic radiotherapy.
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